The application of remotely-sensed data for hydrological modeling of the Congo Basin is presented. Satellite-derived data, including TRMM precipitation, are used as inputs to drive the USGS Geospatial Streamflow Model (GeoSFM) to estimate daily river discharge over the basin from 1998 to 2012. Physically-based parameterization was augmented with a spatially-distributed calibration that enables GeoSFM to simulate hydrological processes such as the slowing effect of the Cuvette Centrale. The resulting simulated long-term mean of daily flows and the observed flow at the Kinshasa gauge were comparable (40 631 and 40 638 m 3 /s respectively), in the 7-year validation period (2004)(2005)(2006)(2007)(2008)(2009)(2010), with no significant bias and a Nash-Sutcliffe model efficiency coefficient of 0.70. Modeled daily flows and aggregated monthly river outflows (compared to historical averages) for additional sites confirm the model reliability in capturing flow timing and seasonality across the basin, but sometimes fails to accurately predict flow magnitude. The results of this model can be useful in research and decisionmaking contexts and validate the application of satellite-based hydrological models driven for large, data-scarce river systems such as the Congo.
Introduction
Quantification of global and regional water cycles is required for hydrological research; model improvement, especially in data-poor contexts, is critical. The Congo Basin in Africa is the world's second largest river basin, with a drainage area of 3 689 550 km 2 . Centrally located and with the greatest water resources in Africa, the basin is a vital resource for water and energy supply for a continent with increasing needs for safe water and energy (Mandelli et al. 2014) . A greater quantitative understanding of the hydrology of the basin is necessary for the current and future management of Africa's water resources.
The major river systems of Africa share distinctive morphological characteristics, including inland deltas that re-orient tributaries, which empty through rapids near their coastal effluent (Goudie 2005) . The Congo Basin is notable for its large internal drainage basin, referred to as the Cuvette Centrale, the remains of an ancient lake bed from the Tertiary period. This internal basin delineates an ancient lake, which contains the relic lakes Mai-Ndombe and Tumba, and swamp forests that dominate much of the flatter terrain (Bwangoy et al. 2010) . It is believed that as the Congo's internal drainage evolved, it was captured by a short stream draining to the coast, cutting through the high ground at the continental margin on the western rim of the basin. The modern Congo River has a narrow exit to the sea, notable for cataracts between Kinshasa and the coast that link the Congo Basin to the Atlantic (Goudie 2005) .
The Cuvette Centrale is a low-lying, bowl-shaped depression, which lies in the center of the basin and extends in all directions along the arc of the Congo River (Fig. 1) . Inputs to the Cuvette Centrale form a branching pattern, where most of the major Congo River tributaries point towards the Cuvette rather than the basin outlet (Summerfield 1991 , Goudie 2005 . Wetlands such as the inland drainage of the Cuvette Centrale have a substantial impact on river basin flow rates, as wetland water depths are shallow within a diffuse channel geometry (Betbeder et al. 2014 , Alsdorf et al. 2016 . Approximately 70% of the Congo's water volume accumulates in the Cuvette, and its gradual release plays a critical role in regulating downstream flows (Thieme et al. 2005 , Partow 2011 ). Flows of the Congo's main stem downstream from the Cuvette, such as at Kinshasa, are expected to exhibit different dynamics than those that flow into the Cuvette.
The flow regime at the Kinshasa gauge is representative of the overall basin, as 98% of the basin is upstream of it (Fig. 1 ). The Congo River hydrograph observed at Kinshasa for the period 1998-2010 shows, for each year, two peaks of high streamflow denoting a bimodal flow regime (Fig. 2) . The peak in November-December constitutes an annual maximum and the one in April-May is a secondary peak. The April-May peak is 49% (1999) to 83% (2010) of the November-December peak, per the 13-year data record (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . The hydrograph at Kinshasa depicts large inter-and intraannual variations in streamflow that are driven by rainfall seasonality (Munzimi et al. 2015) . This seasonality is consistent in wet and dry years; during drier than usual years, for example in 2004, 2005 and 2006 , a decline in both high and low flows is observed at Kinshasa.
Our understanding of the basin's hydrology is severely limited by the paucity of ground-based hydrometeorological data. Hydrological models of ungauged catchments can potentially provide reliable information, especially if they can incorporate satellite observations and derived data products. Recent remote-sensing studies of the Congo's hydrology include mapping of wetland extent using Landsat, the Phased Array type L-band Synthetic Aperture Radar (PALSAR) and Shuttle Radar Topography Mission (SRTM) data (Bwangoy et al. 2010) ; estimation of wetland dynamics using PALSAR, Light Detection and Ranging (LIDAR) data and temporal vegetation indices from the Moderate Resolution Imaging Spectroradiometer (MODIS) (Betbeder et al. 2014) ; and estimation of seasonal variations in wetland water storage using estimates of inundation from various data sources and data from the Gravity Recovery and Climate Experiment (GRACE) (Lee et al. 2011) . Several studies have also modeled historical streamflow within major tributaries of the Congo River using various satellite-data inputs (Asante et al. 2008 , Munzimi 2008 , Tshimanga et al. 2011 , Tshimanga and Hughes 2014 , and some have assessed the impact of future climate changes on tributaries Hughes 2012, Aloysius and Saiers 2017) . Beighley et al. (2011) reviewed the applicability of various satellite-derived precipitation datasets in the Congo. While these studies have advanced models of the Congo's hydrology, a contemporary, highresolution model of daily streamflow is lacking and remains a need for operational decision-making across the basin (Reitsma 1996) . Operational decisions of interest in the Congo Basin include short-range forecasting of reservoir inflows, releases and hydropower operations at the Inga Dam, the largest such installation in Africa; evaluation of hydropower generation at numerous potential sites on upstream tributaries; and forecasting of flood risk near population centers, roads and other infrastructure throughout the basin. Drainage areas, which experience significant deforestation due to timber harvesting, agricultural expansion and increased human settlement, could also cause significant hydrological changes downstream with consequences for hydropower and flood risk. Daily streamflow models are therefore required for simulating historical, current and future flows, and for making short-term management, monitoring and planning decisions in the Congo Basin.
The study reported here improves our understanding of Congo Basin hydrology by estimating daily streamflow along the main stem of the Congo River and within smaller river reaches throughout the basin using a hydrological model. The study also improves our understanding of the opportunities and limitations of a physically-based model using interactive calibration and limited gauge data augmented with satellitederived products in simulating daily hydrological processes of a large and complex basin.
Data
We drive the US Geological Survey's Geospatial Streamflow Model (GeoSFM) (Asante et al. 2007a , Artan et al. 2007a with satellite-derived and terrestrial data to estimate daily streamflow in the Congo Basin. Input data are: (1) daily rainfall derived from the joint NASA/JAXA Tropical Rainfall Measuring Mission (TRMM) 3B42 product; (2) daily evapotranspiration from NOAA Global Daily Reference Evapotranspiration product (GDET); (3) soil type and texture from the UN Food and Agriculture Organization (FAO); (4) topography from NASA SRTM; (5) land cover from Landsat-derived maps (Potapov et al. 2012) ; and (6) wetlands extent from Landsat/MODIS-derived maps (Bwangoy et al. 2010) (Table 1) . Topography was resampled from 90 m to 180 m to enhance the model's computation efficiency.
Ground-based gauge data are from the Régie des Voies Fluviales (RVF), Democratic Republic of the Congo (DRC); daily data exist for the main stem of Congo River at Kinshasa from 1998 to 2010, for the Ubangi River at Bangui from 1998 to 2007 and for the Sangha River at Ouesso from 1999 to 2011. In addition, the World Meteorological Organization's (WMO) Global Runoff Data Centre (GRDC) (Coe and Olejniczak 1999) provides monthly mean data for Kutu-Moke, Chembe-Ferry, Ilebo and Ubundu; while these data pre-date the timeframe of our study (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , they provide useful information on general flow patterns in locations with no current daily or monthly flow records.
Geospatial Streamflow Model (GeoSFM)
The GeoSFM is a semi-distributed hydrological model for research and operational monitoring applicable in data-scarce environments. GeoSFM has been implemented in a wide range of applications in diverse regions of the world (e.g. Asante et al. 2007b , Brown et al. 2014 , Cole et al. 2014 , Dessu et al. 2016 ) and is applied operationally by the Famine Early Warning Systems Network. 1 GeoSFM includes GIS-based preprocessing, subbasin options for modeling soil moisture, routing of flow using either a diffusion-analog or the Muskingum-Cunge formula, and tools for calibration, sensitivity analysis, and postprocessing for analysis (Asante et al. 2007a , Artan et al. 2007a .
Methods
We parameterized the GeoSFM model to simulate daily streamflow of the main stem and tributaries of the Congo Basin. We then attempted to improve model performance using interactive model adjustment. The overall approach is initial model parameterization for basin-wide daily flow, basin-level calibration for the Congo River at Kinshasa, and sub-basin level calibration for the upstream gauge sites.
The parameter set to minimize error in flow at Kinshasa was deduced from prior studies (Artan et al. 2007a , Kiluva et al. 2011 , Agunbiade and Jimoh 2013 , Tshimanga and Hughes 2014 , Dessu et al. 2016 . Parameter values were adjusted until minimal error was reached from the Kinshasa gauge. Regional disaggregation followed, calibrating subbasin streamflow using discharge data from the Ubangi and Sangha rivers. For all three gauges, the first half of the time series (1998 -2004 for Kinshasa, 1998 -2002 for Bangui and 1999 -2004 for Ouesso) was used for calibration and the second half (2004 -2010 for Kinshasa, 2003 -2007 for Bangui and 2005 for Ouesso) was retained for validation. Additional validation was performed using the GRDC's historical monthly gauge data from Kutu-Moke, Chembe-Ferry, Ilebo and Ubundu.
Initial parameterization with remote sensing data
Terrain analysis was performed on the digital elevation model (DEM) to delineate sub-basins and streams, constrained to a minimum drainage area of 324 km 2 (10 000 cells), yielding 2950 sub-basins and river reaches with a median area of 1501 km 2 and a median length of 41 km. This catchment threshold provides sufficient spatial detail for most needs of operational hydrological monitoring of the Congo Basin. The land-cover map indicates that the basin is 59% forest and woodland, 11% wetland, 7% water bodies, and the remainder savannah and human settlements. Soils in the basin are 31% clay, 26% sandy soil, 22% water, 14% sandy clay loam and 6% loam. Runoff curve numbers computed for the sub-basins with these mapped inputs range from 52 to 98, with a basin-wide average of 76. Unit hydrographs computed yield daily estimates of total runoff of, respectively, 29%, 25%, 17%, 9%, 6%, 4% and 2% over the first seven days following a rainfall event.
Runoff discharged from an event gradually approaches zero within three weeks. The model was then used to simulate daily streamflow for each stream segment in the basin. Sub-basin averaged daily soil moisture was estimated from gridded rainfall and evapotranspiration. Daily runoff from saturated soils was routed to the sub-basin outlet and from there routed through the river network using the Muskingum-Cunge method until it reached the basin outlet beyond the river gauge at Kinshasa.
Model calibration
Previous studies have successfully simulated seasonal anomalies associated with major floods in several basins, including the Congo, using the GeoSFM model with initial parameterization and without calibration (Asante et al. 2005 , Artan et al. 2007b , Blanc and Strobl 2013 . However, some parameter calibration is required to achieve accurate estimates of flow volumes and timing, particularly for applications requiring daily hydrographs. Inaccuracies in initial parameter estimates may arise from differences in the scale and quality of the input data or from the model itself (Gupta et al. 1999 , Wijesundera et al. 2012 , Blanc and Strobl 2013 . Parameter adjustment can reduce such effects (Sahoo et al. 2006) 
Basin-wide calibration
Simulated flow was initially calibrated and validated against measured streamflow at Kinshasa. Estimates of the percentage adjustments required to achieve accuracy in basin waterbalance components (i.e. surface runoff, precipitation and evapotranspiration) and horizontal timing of median flows were computed. Adjustments were made by scaling the spatially-distributed parameters, based on differences between the modeled and observed flows at Kinshasa, iteratively until a difference of less than 5% was achieved. Based on previous research (Asante et al. 2007a , Artan et al. 2007a , Kiluva et al. 2011 , Agunbiade and Jimoh 2013 , Tshimanga and Hughes 2014 , Dessu et al. 2016 , we limited parameter adjustment to the following variables: residence time for interflow reservoir, river loss factor, river floodplain loss factor and kinematic wave celerity. Adjustments were confined to ranges of parameter values that retain physical meaning. The identified parameters were used to calibrate the model for daily flow magnitude and timing at the Kinshasa gauge. To account for the attenuation of flows in the Cuvette Centrale, semi-lumped and semi-distributed calibrations (Ajami et al. 2004 , Khakbaz et al. 2012 ) were used during basin-level parameters adjustments. The semi-lumped calibration was used to adjust residence time for interflow reservoir, river loss factor and river floodplain loss factor. These three parameters were set to be identical among sub-basins, e.g. the new value of the residence time for interflow reservoir corresponds to the maximum possible number of days, which maximizes flow attenuation, and was applied to all sub-basins at the end of the calibration procedure. This optimal parameter set was applied to all the sub-basins in the semi-distributed structure of the GeoSFM model in order to simulate the streamflow. Basin-level calibration also included spatiallydistributed forcing aggregated over each sub-basin. The semi-distributed calibration was used to adjust the kinematic wave celerity to further slow the Congo River hydrograph. Adjustments of the parameter were uniformly and proportionally applied across sub-basins, keeping final values within realistic ranges. To further handle delays caused by the Cuvette Centrale wetlands, GeoSFM was adjusted by increasing the number of days for sub-basin response.
Regional calibration
The basin-wide, calibrated flow model is not expected to perform well for tributaries upstream of the Cuvette Centrale, since they are not impacted by its dispersive effect. For upstream watersheds, we performed a regional calibration using observations of gauge locations at Bangui and at Ouesso. For regional calibration of sub-basins, a different set of adjustments was applied to the residence time for interflow reservoir, river loss factor, and river floodplain loss factor parameters. No adjustment was made to kinematic wave celerity, which largely served to slow the Kinshasa hydrograph downstream of the Cuvette Centrale for the global calibration.
Regional calibration employing the Bangui and Ouesso gauge data focused on the accurate capture of flow timing and flow seasonality, with considerable residual bias in total volume estimates. Their respective R 2 values were high (0.74 and 0.82), denoting a strong relative correlation. To adjust model over-estimation, a simple bias correction was made. The over-predicted estimates were divided by the value of the average slope derived from the linear regression fit of the monthly mean flow data (modeled versus observed, aggregated from current averages) for Bangui and Ouesso. The simple bias correction is a recognition of the limitations of available gauge data in executing a more robust calibration. The adjustment was applied to sub-basins and compared to four gauges for which monthly mean data were available. The final sequence of the entire calibration process resulting from these evaluations is summarized in Fig. 3 .
Validation
Validation was performed using the set-aside half of the timeseries observations from Kinshasa (2004 -2010 ), Bangui (2003 -2007 and Ouesso (2005) (2006) (2007) (2008) (2009) (2010) (2011) . Comparisons were performed at three temporal levels. First, the modeled flow at each gauge station averaged over the entire validation period was evaluated by comparing with gauge-data means and standard deviations. Second, daily flows were evaluated via Nash-Sutcliffe model efficiency coefficient (NSE) and linear regression of all daily observations over the validation period against daily gauge data at the three stations. A bias of simulated and observed flow, presented as a percentage, was also calculated as:
where S i and O i are the simulated and observed flows at location i, respectively. Third, seasonal trends were evaluated by comparing modeled vs observed estimates of the 25th and 75th percentiles of magnitude and date of flows at the three gauge stations, as percentiles are characterizations of flow inter-annual variability. The 25th and 75th percentiles of all daily data in the validation periods for each site are valuable indicators for streamflow discharge based on daily flow data by avoiding outliers in the datasets. In addition, results of the modeled hydrographs before and after calibration were compared graphically to the gauge-based hydrographs. Further evaluation was conducted at the monthly level by comparing modeled hydrographs with the current monthly averages from the Ubangi River at Bangui and the Sangha River at Ouesso and with the historical monthly averages from the four GRDC gauges at the Kasai River at Ilebo, the Kasai River at Kutu-Moke, the Congo River at Ubundu, and the Luapula River at Chembe Ferry.
Results and discussion

Calibration of the initial basin-wide model
The results of the initial run were averaged into daily means of flow discharge over the 13-year period (1998-2010 ) and compared to observed flow at Kinshasa (Figs. 4 and 5) . Figure 3 . Final sequence applied for the basin-wide and regional calibration process. Basin-wide calibration is to the Congo River flow at its core, downstream from the Cuvette Centrale. Regional calibration is to Congo Basin sub-watersheds upstream from the Cuvette Centrale.
Modeled flow is bimodal, although it differs in magnitude and timing from the gauge data. Component analysis indicated that these differences were a function of the four most sensitive model parameters, but also to two other main components, the water balance and the response generated by the model. Model adjustments related to timing focused on the months leading to peak flow over the August-February period. A time shift of the August-February portion of the hydrograph was applied, as well as an adjustment of the mass balance simulations to correct runoff volume and streamflow magnitude. Water balance adjustment could include increasing precipitation or decreasing evapotranspiration. Basin-wide annual rainfall volume from the TRMM 3B42 product is 4427 km 3 / year, which is significantly lower than corresponding estimates from WORLDCLIM isohyets derived from long-term historical gauge records (Hijmans et al. 2005 ) (5678 km 3 /year). The pattern of rainfall under-estimation in the basin is spatially and seasonally variable, and gauge data are inadequate for performing spatial and temporal corrections on a daily scale. However, considering the low spatio-temporal variability of evapotranspiration, we chose to decrease evapotranspiration for this adjustment. GeoSFM contains procedures for ingesting potential evapotranspiration grids and computing actual daily evapotranspiration based on antecedent soil moisture conditions (Asante et al. 2007a) . Initial model runs significantly under-estimated the basin-wide water balance, yielding 129 mm/year from 1200 mm/year of precipitation and 1071 mm/year of actual evapotranspiration (ET a ). We evaluated reducing the ET a using multiplier scaling factor. A multiplier of 0.3 yielded the best result, increasing the basin-wide water balance generated to 424 mm/year (Table 2) . Discharge from the model (derived from daily calibrated modeled flow) at the basin outlet was estimated at 302 mm/year, while in-stream modeled losses including floodplain losses made up the balance of 122 mm/year.
The observed peaks at Kinshasa in November-December and April-May are driven by the November and March rainfall peaks with about a month lag, and these rainfall timing are accurately estimated by the TRMM product, as found in Munzimi et al. (2015) . The temporal connection between precipitation and streamflow has been related to the temporal connection between P-ET runoff (precipitationevapotranspiration runoff) and wetland filling and draining in the central portion of the Congo Basin, i.e. the Cuvette Centrale (Lee et al. 2011) . The temporal shift in modeled flow was likely due to the response structure related to the filling and emptying of the wetlands of the Cuvette Centrale. The one-month shift of simulated flow of the November peak for the Kinshasa gauge ( Fig. 4) suggests that the hydrograph response needed to be slowed by increasing its number of days for the rise and the recession of the curve. As the calibration was done near the Congo Basin outlet, all upstream sub-basins were subjected to this adjustment. Sub-basin responses originally generated in the initial preprocessing module had a median of 21 days for runoff from rainfall events to completely drain out of a subbasin. To account for detention of water in the floodplain, the median number of days for full drainage was extended to 97 days by applying a simple diffusion equation to the initial sub-basin responses. Thus, the new unit hydrographs stored in the new response file gave a better simulation of the typical response of each catchment to rainfall. The initial unit hydrograph was developed for each catchment during the model preprocessing phase, prior to any flow routing. The amplitude and timing of modeled hydrograph following basin-wide calibration display a much better counterpart to data from the Congo River gauge at Kinshasa (Fig. 6) .
Calibration of the initial regional (sub-basin) model
Parameter adjustment for calibrating the regional model to Bangui and Ouesso daily flow data yielded strong agreement in terms of timing and seasonality. However, the model yielded considerable over-estimation of the amplitude of the seasonal cycle for these gauges (Fig. 7) , requiring a bias adjustment. A simple correction based on the average slope of the two linear regression fits to monthly mean flow data (modeled vs observed, aggregated from current averages at Bangui and Ouesso) yielded a value of 2.5 (average of 3.8 and 1.2). This value was used to adjust the over-predicted daily flow of the entire series for all sub-basins. As intended, the bias correction offsets the general model over-prediction. However, the amplitude of modeled hydrographs following this regional calibration displays a better counterpart to data from the Sangha River at Ouesso than from the Ubangi River at Bangui, where the flow is still substantially over-predicted after bias correction (Fig. 8) . The performance at the GRDC gauges (Table 5 ) provides some confidence in the performance of the model in basins other than Ubangi and Sangha. Regardless, the single-value bias correction is a limiting factor of the regional calibration effort in improving flow magnitude at sub-basin level.
Validation of the calibrated basin-wide and sub-basin models
The amplitude and timing of modeled hydrographs following calibration display a better counterpart to data from the three gauge sites (Fig. 9 ). Average discharge at Kinshasa from the calibrated model captures 99% of the observed average, compared to 67% for that from the un-calibrated model. Simulations track observed data in both drier years (2004, 2005 and 2006) and wetter years (1999, 2001, 2002, 2007 and 2008) . Daily means over the validation period closely track the observed means at Kinshasa for the basin-wide model, while evidencing residual bias for Ouesso (under-estimate) and Bangui (over-estimate) for the sub-basin model (Fig. 10) . At the daily level, regressions of modeled vs observed flow yielded coefficients of determination (R 2 ) of 0.76, 0.87 and 0.58, and NSE of 0.70, -0.31 and 0.23 for Kinshasa, Bangui and Ouesso, respectively (Table 3) . Comparing the means, 25th percentiles and 75th percentiles of daily low flow, and the centroid of flow and peak flow from the un-calibrated and calibrated models to the observed data from the three validation sites further demonstrates the model improvements from calibration (Table 4 ). Un-calibrated estimates differ from the observations by up to more than 100%, while most of the calibrated estimates are within 28% of the observations. Comparison of monthly mean flow modeled over the study period to historical monthly flows from the GRDC stations further indicates confidence in the estimated timing of peaks and lows, although magnitudes and overall values across months show disagreement and agreement comparable to the three contemporaneous validation sites ( Fig. 11 and Table 5 ). Modeled daily streamflow at Bangui shows an overprediction of low and peak flows during the dry and rainy seasons of all years, affecting the NSE statistic, which is particularly sensitive to the extreme flows (Table 3) . Nonetheless, the basin-wide level and subbasin wide calibrations successfully account for the majority of the spatial and temporal hydrological patterns of the Congo Basin when evaluated over the entire validation period. More challenging is the capture of temporal patterns (timing and shape of seasonal cycle) at the daily level, and here the range of R 2 values from regressing modeled vs observed daily flows is encouraging, particularly at Bangui (0.87). However, even though temporal patterns are well captured, the significant bias and the low NSE values are consistent with the systematic overprediction of flow magnitude at Bangui.
Model interpretation
Despite the difference between the time periods of the datasets, the four GRDC stations provide a valuable additional data source for inter-comparison. Using these data requires the assumption that there has been no significant streamflow regime change within the region over recent decades, and we acknowledge that reservations could be raised about the comparison of dated GRDC data and more recent streamflow discharge estimates. The evaluation of model results at the monthly level for these sites further demonstrates the benefits of model outputs. For example, all four locations exhibit strong agreement in both the timing and magnitude of peak and low flows at Ilebo and Chembe Ferry (Fig. 11) . While the timing of the peak and low flows is accurately estimated for the Kasai River at Kutu-Moke, the magnitude of the flow is overestimated. For the Congo River at Ubundu, the first mode of the bimodal flow regime is under-estimated, while the second mode is over-estimated. These under-and over-estimates suggest that the regional calibration could be significantly improved. While flow seasonality and timing are successfully captured at all locations, discrepancies in magnitude of the seasonal cycle at some locations suggest that flow discharge may still be biased for some streams across the basin.
The Congo Basin lies in both the Northern and Southern Hemispheres, such that it receives year-round rainfall from the migration of the inter-tropical convergence zone (ITCZ). The passage of the ITCZ drives rainy and dry seasons in the Congo Basin (Munzimi et al. 2015) , and the seasonal progression of the ITCZ influences surface waters of the basin. The geographical distribution of the daily peak, mean and low flow magnitude of calibrated streamflow for the period 1998-2012 is mapped in Fig. 12 , and that of the day of minimum and peak flow is mapped in Fig. 13 . Day of minimum flow trends southward from early February to late October, with the exception of the northernmost part of the basin where it occurs in April-May. The trend is reversed for day of peak flow, which progresses northward from early February to late October. From July to August, peaks occur mostly in the northernmost part of the basin. In addition, the equatorial belt is dominated by flows peaking in November and December. These spatial patterns can be interpreted in the context of the different origins of the water vapor fluxes feeding the ITCZ, which varies in different seasons. In April, the water vapor flux is mostly derived from the Indian Ocean via Tanzania (Suzuki 2011) . This is a possible explanation for the northernmost part of the basin receiving much less water than the rest of the basin in this month. In October, the water vapor flux is supplied from within the Congo Basin and brings more water than the April flux (Suzuki 2011) . This may explain why the equatorial belt is dominated by flows peaking in November-December. The varying sources of water vapor could also explain the difference between the two peak rainfall days and months in April and October, which consequently drive the high streamflow of the Congo in November and December, benefiting from the larger volume of water brought in by the ITCZ in October (Munzimi et al. 2015) . This can be seen in the hydrograph at Kinshasa close to the basin outlet (Figs. 6 and 9). To corroborate this point, Lee et al. (2011) were able to correlate the ITCZ to the spatial pattern of storage changes in the Congo's seasonally flooded wetlands and floodplains, which agree with the spatial patterns from our model, as an attenuation of flows is driven by the wetlands of the Cuvette. Beighley et al. (2011) reported that, as a result of the annual south-north migration of the ITCZ, the equatorial location of the Congo Basin results in two peaks per year, whereas non-equatorial rivers basins have only one peak flow annually. The streamflow model captures this difference (Figs. 10 and 11). Streamflow for daily maximum, mean and minimum volumes are illustrated by sub-basin in Fig. 12 .
Conclusion
The Congo River Basin has been modeled to capture the spatial and temporal variations in streamflow using a basin-wide and sub-basin ensemble model. The twostep approach to the model and its calibration was required mainly due to the presence of a large interior basin, the Cuvette Centrale, which slows downstream flow. Basin-wide calibration involved input data adjustment and selection of appropriate model routines and parameters to slow the flow of water across the basin; [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] of daily discharge for the Sangha River at Ouesso from regional calibration, showing estimated flow from the calibrated model (blue) and gauge observations (red). Calibration and validation periods are separated by the vertical dashed line.
regional calibration involved a different set of adjustments and a simple bias correction to adjust flow of river subbasins. Agreement with in situ data is markedly improved following model calibration, compared with default initial parameterization (Table 5) , including for set-aside validation data. While flow seasonality and timing are successfully captured at all locations, discrepancies in estimated and actual discharge at some sites suggest that the results are likely biased for many streams across the basin. Previous studies have shown that hydrological mechanisms in the Congo Basin, including the effects of the Cuvette Centrale, are not well understood due to a scarcity of gauge data. Time-series remote sensing data can leverage sparse in situ measurements to enable improved understanding of flow dynamics through the use of semi-distributed hydrological models. The GeoSFM semi-distributed hydrological model characterizes the geospatially explicit timing and magnitude of flow across large basins such as the Congo River. The results from this study using GeoSFM demonstrate an acceptable level of performance of the model in estimating timing and seasonality of flow in the Congo Basin, with considerable bias in estimates of flow volumes for subbasins. Flow characterization at Kinshasa is robust for both timing and volume, with implications for its use in assessing (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) for (a-c) the Congo River at Kinshasa from basin-wide calibration, and (d-f) for the Sangha River at Ouesso and (g-i) for the Ubangi River at Bangui from regional calibration compared to the un-calibrated estimates and observed flows. hydropotential downstream from Kinshasa, one of the river reaches with the greatest potential for hydro-electric power development. By definition, more gauge data distributed widely geographically would reduce model uncertainties across the Congo Basin.
The Congo Basin is the site of increasing human populations and land cover change, including deforestation, which is expected to alter the hydrology of the basin. The humid tropical forests of the Congo Basin are also some of the more seasonal and overall drier such forest in the equatorial tropics (Malhi et al. 2013) , making them potentially especially susceptible to climate change. Models such as the one presented here can help to establish baseline information on flows throughout the Congo Basin and provide a basis for assessing future hydrological changes caused by changes in land cover and climate. The results could be used to support operational short-term management, monitoring and planning decisions in the Congo Basin. Observation Initial estimate Estimate from basin-wide calibration Regional estimate Figure 10 . Multi-year average of observed daily flow, the initial estimate, the estimate from basin-wide calibration for (a) the Congo River at Kinshasa (2006 Kinshasa ( -2010 and (b) and (c) the regional estimate for the Sangha River at Ouesso (2006) (2007) (2008) (2009) (2010) (2011) and Ubangi River at Bangui (2003) (2004) (2005) (2006) (2007) , respectively. The estimate from basinwide calibration is the calibrated estimate at Kinshasa gauge, while the regional estimate is the calibrated estimate at the Ouesso and Bangui gauges. . The 25th and 75th percentiles of the inter-annual variation and date (dd/mm) of annual minimum, maximum and mean of daily flows (Low: low flow, Cent.: the centroid of flow and Peak: peak flow; in m 3 /s) for the observed (O), initial un-calibrated (U) and calibrated (C) flow of the study area. While numerous studies of land cover and land use change (LCLUC) in the Congo Basin exist (e.g. Zhang et al. 2006 , Hansen et al. 2008 , Defourny et al. 2011 , Ernst et al. 2013 , Molinario et al. 2015 , Ickowitz et al. 2015 , studies of the hydrological responses to climate change, seasonal variability and LCLUC could benefit from improved daily streamflow models. Modeling the effects of climate change on streamflow requires knowledge of the flow characteristics of the river basin in question in order to estimate which watersheds are sensitive to temperature and which are dominated by the amount and timing of precipitation (Smith et al. 1998 , Washington et al. 2013 . A rainfall-based climate classification of the Congo region, derived from TRMM or similar products, could serve as a starting point (Munzimi et al. 2015) . A climate classification could be used as the basis for grouping rivers and streams within the basin by climate type to facilitate comparison of runoff characteristics. Finally, the improved estimates of streamflow from this study can support more reliable assessments of possible future scenarios, including those accounting for the effects of the El Niño Southern Oscillation (ENSO) and other climatic cycles (e.g. Amarasekera et al. 1997) , and the effects of land-use change on the hydrology of the Congo Basin. 
